The growth process of cobalt on Ru(0001) was characterized by photoelectron spectroscopy excited by X-ray and synchrotron radiation. The binding energy position and intensity of the Co 2p 3/2 and Ru 3d 5/2 core levels as well as the shape and structure of the valence band spectra corresponding to the different stages of the deposition were investigated. An observed small positive binding energy shift is a consequence of an increase in the cobalt adatoms coordination number. The core-level shift between bulk and surface Ru atoms is determined as −360 meV. Upon adsorption of cobalt, the interface peak appears with a shift of −(70 ÷ 80) meV relative to the bulk one. On the basis of unchanged energy positions and widths of the Ru-derived features of the valence band spectra, a weak interaction between cobalt and substrate is suggested. The measured valence band could be reproduced by superimposing the spectra of the pure elements. 
Introduction
Understanding of adsorbate-adsorbate and adsorbate-substrate interactions between two metals is an important issue for a variety of technological applications. The study of cobalt deposition on ruthenium is motivated by interest in thin magnetic film grown on a ruthenium substrate [1] [2] [3] . Taking into account that the lattice constant of Co and Ru is equal to 0.2506 and 0.2650 nm, respectively [4] , the misfit, m, is calculated as m = −5.4% for the Co/Ru interface. The phase diagram presented by Daruka and Barabási [5] for this m predicts that at least up to two layers, the adsorbate should grow in a monolayer-by-monolayer (Frankvan der Merwe (FM)) mode. However, experimentally it was found [6] that the growth of cobalt follows a Stranski-Krastanov mode, i.e. after completion of a monolayer, three-dimensional (3D) islands start to appear on the substrate. More recently, El Gabaly et al. [7] reported a perfect FM growth mode at the substrate temperature of 460 K. Despite of the above discrepancies, there is no doubt that in the submonolayer regime, cobalt deposited onto the Ru(0001) substrate at around room temperature (RT) forms monoatomically high islands of triangular shape. The first cobalt layer orders pseudomorphically on the ruthenium substrate.
To provide a better understanding of this system and obtain well-defined starting conditions for preparation of 2D alloys on the (assumed inert) Ru substrate, we carry out an experimental study of Co deposition on the Ru(0001) substrate. Photoemission spectroscopy using X-ray (XPS) (Mg K α ) or synchrotron radiation (SR-PS) was employed for characterizing the system and obtaining information about the electronic structure of the submonolayer Co deposit. The revaluation of the Co/Ru interface was made from the point of view of the shape and binding energy position of photoemission features as well as their connection to the adlayer morphology.
Experimental
The measurements were carried out on the beamline SGM1 at the ASTRID storage ring, ISA, Aarhus, Denmark [8] . The photons were incident at an angle of 40
• with respect to the surface normal and photoelectrons were collected by a 200 mm mean radius hemispherical electron energy analyzer (Scienta SES-200 type) along the surface normal. The Co 2p level was excited by Mg K α X-rays. The total instrumental resolution is estimated as 650, 185, and 82 meV for the Co 2p 3/2 , Ru 3d 5/2 , and valence band (VB) spectrum, respectively (Table) . All electron energies reported here, binding energies (BEs), are given with respect to the Fermi level which is set to 0 eV. The uncertainty associated with the BE determination was made equal to the Fermi energy precision (1253.600±0.012 eV) obtained using Mg K α radiation. It represents the stability and reproducibility of the detecting system and substantially exceeds the error originating from the line shape fit. The Ru(0001) sample was mounted on a manipulator capable of conductive heating up to 1300 K. Temperature measurements were accomplished by a W 95 Re 5 /W 74 Re 26 (C-type) thermocouple, attached to the edge of the sample. The typical cleaning procedure involved successive cycles of Ar + ions bombardment (1 keV, 6 µA, 20 min) and annealing at 1300 K. Surface cleanliness was verified by photoelectron spectroscopy. Before each measurement the sample was flashed to around 500 K to remove any residual carbon monoxide adsorbed on the surface.
Cobalt was deposited using the mini e-beam evaporator by the use of electron beam induced heating of the target material (four pockets, direct water cooling: model EGCO, Oxford Applied Research). The positive ion current, arising from ionization of the target vapour, was used for monitoring and stabilization of the evaporation rate. Evaporation of cobalt rod of 2 mm in diameter was accomplished by the use of a flux current of 9.8 nA (4.04 A filament current; 2 kV accelerating voltage; 10.5 mA emission current) which corresponds to the evaporation rate of 0.158 monolayers of cobalt on Ru(0001), AMLs/min (AML = adsorbate monolayer). The measured source ion current (flux) was preliminarily calibrated with the readings of a quartz crystal monitor. All depositions were performed and analyzed at 350 K.
Results and discussion

Co 2p transition
The experimental information concerning the Co 2p 3/2 spectrum (XPS) obtained during growth of the layer is collected in Fig. 1 . The insets in Fig. 1 show the family of the spectra (top) and a typical example of the fitting procedure (bottom). The following values were obtained: Lorentzian width of 0.88-0.92 eV, singularity index, α, of 0.246-0.256, and Gaussian width of 0.35 eV. The Co 2p 3/2 peak intensity (circles) as a function of deposition time is approximated by a broken line with the first break at 370 s of evaporation indicating completion of a monolayer. Within the cobalt peak shape, no indications which reflect the appearance of the second layer were found. As the zero point of BE, the value of 778.000 eV was assumed. The Co 2p 3/2 (squares) shifts slightly towards higher BE at the beginning of deposition and then after the intensity break-point becomes almost constant. From the first experimental point, corresponding to ca. 0.46 AML to 1 AML the peak shifts by +0.062 eV. Calculated with the value of extrapolated data to zero coverage, the BE shift could be +0.094 eV. It is worth mentioning that the chemical shifts for various Co compounds could be as large as 5.00 eV [9] and the surface core-level shift (SCLS) of polycrystalline cobalt was determined as -1.10 eV [10] . The results in Fig. 1 do not show large changes in the electronic properties of Co monolayer bonded to Ru(0001). It is suggested that the gain in core-level BE is mainly a consequence of an increase in the coordination number of cobalt adatoms. Such situation takes place during the formation of 2D islands in contrary to the adsorbate distributed uniformly. In reality, deposition of cobalt on Ru(0001) at RT leads to the growth of triangular-shaped 2D islands [2] . Figure 2 shows the results of the substrate (Ru) peak change during adsorption of cobalt as measured with SR-PS. The intensity of the Ru 3d 5/2 transition, determined as the area under the whole feature, decreases with the time of deposition. The change is approximated by two segments of the straight line with the breaking point at 390 s of evaporation. Together with the point of the intensity plot of the Co 2p 3/2 the time of 380 s was used for calibration of cobalt coverage as corresponding to 1 AML. The raw spectra of Ru are collected in the left inset starting from the clean surface (top spectrum). Typical results of analysis applied to the spectra are shown in the next insets (top and bottom right), which represent the clean Ru and Ru covered with 0.46 AML of Co (as determined from the intensity changes), respectively. The Ru 3d 5/2 spectrum of the clean surface consists of clearly resolved two features at 279.745 and 280.105 eV which are identified as originating from the surface (S) and bulk (B) Ru atoms, respectively. Both compo- nents are characterized by a Lorentzian width of 0.17-0.21 eV, α = 0.053−0.058, and a Gaussian width of 0.30 eV. The high resolution Ru 3d 5/2 spectrum acquired with a better experimental resolution as published by Lizzit et al. [11] consists of three components. We tried to confirm the existence of a third feature [12] , but in principle it is not possible to achieve distinct findings during the fitting procedure. Due to intrinsic complexity of the B-peak, with the highest BE of the "true bulk" component, the obtained above BE difference, 0.360 eV, could be the first approximation of SCLS of the Ru(0001) surface. During adsorption of cobalt at 350 K, the shape of the Ru 3d 5/2 peak changes. The intensity of the ruthenium surface peak, referred for convenience as Ru The BEs shifts (∆E) of the Ru 3d 5/2 components are collected in Fig. 3 . A shift of the bulk contribution with cobalt coverage should be expected in the case of the alloying. However, from the figure (bottom part) negligible changes are observed suggesting that Co and Ru behave like independent metals. In the monolayer range, some perturbation of the surface and the interface line position with increasing amount of cobalt (upper graph: crosses and squares, respectively) are detected. The changes could be attributed to the short-range interaction between cobalt and ruthenium atoms in the upper layer. The BEs dependences indicate a very small electronic interaction between the two metals. For higher coverages, the interface component seems to be unchanged within experimental error.
Ru 3d 5/2 transition
Valence band
The valence band spectra of the clean Ru(0001) surface and the Co/Ru(0001) interface obtained at hν = 40 eV under normal emission are drawn in Fig. 4 . The spectra were registered in different experiments and reflect changes induced by cobalt at coverages of 0.49 AML (left part) and 0.69 AML (right part). In order to clearly identify changes, the difference spectra (bottom curves) are added to the graphs.
The VB of the clean ruthenium surface could be decomposed into four contributions as it was treated in published papers [13, 14] . At the Fermi edge (BE = 0 eV), the intensity increases steeply ending with a soft shoulder of around 1 eV. Then, the main intensity of the band is positioned at BE = 2.45 eV and both features originate from the Ru d-band of the top most and lower states, respectively. The second intense feature, observed at 5.68 eV, is attributed to a surface state. Finally, the weak emission at 7.8 eV originates from a resonance state.
It is known that the VB spectra of bulk cobalt show d-band with the one asymmetric peak near 0 eV of the width of 3.5 eV which represents the maximum density of occupied state. The width of the d-band at the surface becomes much more narrow as compared with the bulk [15, 16] and for our coverages much more contracted feature should be expected. In fact, after adsorption of cobalt, the region near zero BE becomes much more steep whereas the energy position and the linewidth for every Ru-originating structure are the same (Fig. 4) . The Ru-derived peaks (at 2.45, 5.68, and 7.80 eV) simply decrease in intensity. The difference curve shows a dominating contribution of the peak at 0.16 eV below the Fermi level, which corresponds to the transition from the maximum density of states (3d) of a 2D single layer of cobalt. The separation between the d-bands of Ru and Co is equal to 2.29 eV and due to this it seems that the interaction between d orbitals in the Ru substrate and the Co overlayer should be rather weak. Finally, from careful inspection of the data it was concluded that the valence band spectra of the Co/Ru(0001) interface could be composed of a linear combination of two separate components. 
Conclusions
Deposition of cobalt on Ru(0001) at 350 K is going through a complete wetting of the first layer of adsorbate. The photoemission data do not show a large perturbation in the electronic properties of the metals. In the monolayer range, the Co-Co distance follows the Ru-Ru ones with a small net charge transfer from Co to Ru. The BE changes with Co coverage are mainly due to the Co-Co interactions at the new lattice geometry (pseudomorphism). Similarly, a change in the valence band is due almost exclusively to a geometrical effect.
